Abstract. The detailed study of acute and sub-acute toxicity of the complex polyvinylpyrrolidon (PVP 20 kDa)-wrapped fullerene C 60 after intraperitoneal (ip) administration was carried out on adult male Wistar rats. The LD 50 value of C 60 /PVP complex was found to be 7, 8 g/kg. In sub-acute study which lasted for 30 days the rats were exposed to daily administration of the complex in the doses of 350 or 700 mg/kg. All animals survived during the study and had no significant changes in clinical signs, organ weight, hematological and biochemical parameters of blood. The electrophysiological properties of myocardium and the excretory function of kidneys remained normal. Histological analysis of liver, kidney and spleen at the end of the study also did not demonstrate toxic alterations. It was thus established that intraperitoneal administration of complex C 60 /PVP has no toxic effect. These results suggest that C 60 /PVP has no acute and sub-acute toxicity and is a perspective substance for potential application in biology and medicine.
Introduction
Fullerene C 60 (C 60 ) is the most studied carbon nanostructure and a single molecular form of carbon having well-defined unique physical and chemical properties. Molecule C 60 having a high molecular weight is small in size -diameter spherical C 60 MM 720 daltons approximately equals 0.7 nm (Anish et al. 2004 , Guldi et al. 2006 . Small size, high surface area and high reactivity of C 60 make it interesting and useful for biological and medical applications. It was found that in biological systems C 60 and its derivatives demonstrate three types of activity -antioxidant («radical sponge»), oxidant and membranotropic (Piotrovsky et al. 2006 , Xiao and Wiesner 2012 , Andrievsky et al. 1995 , Long et al. 1995 , Dugan et al. 1992 , 1997 , 2001 ). C 60 and its derivatives have been characterized as novel powerful anti-oxidants, and are believed to reduce intracellular ROS and prevent oxidative cell injury. It was reported that fullerene C 60 has a great affinity to free radicals (Krustic 1991) . And its antioxidant ability is several hundred times higher than that of other antioxidants and it can effectively protect against all damaging forms of ROS: hydrogen peroxide, hydroxyl radical, and superoxide ( Dugan et al. 2001 , Kolosnja et al. 2007 ). At present Corresponding author, Ph.D., E-mail: mardoom@rambler.ru time, the fullerenes production and usage in the market is limited, but it is expected to grow significantly in the nearest future , Murayama et al. 2005 .
The possibility of using C 60 in biology and medicine has been discussed since its discovery and to the present day (Piotrovsky et al. 2006 , Bakry et al. 2007 , Anilkumar et al. 2011 , Takahashi et al. 2012 , Liu et al. 2014 . In biological studies it was used in different forms (Gharbi et al. 2005 , Piotrovsky et al. 2006 , Yamakoshi et al. 1994 , Brant et al. 2006 , Baati et al. 2012 . Data clearly shows that pristine C 60 has no acute or sub-acute toxicity in a large variety of living organisms, however, some C 60 derivatives can be highly toxic (Kolosnjaj et al. 2007) . It is known that the toxicity of water-soluble fullerenes is a function of surface derivatisation of C 60 molecule and depends on the form of its administration. Therefore, considering the potential medical application of C 60 it is necessary to study not only the biological effects but also its toxicity.
The investigation of biological effects of С 60 is complicated by its low solubility in water. (~1.11х10-11 M, log Pow 6.67) (Jafvert and Kulkarni 2008) . Therefore pristine fullerene C 60 can be used as suspensions, inclusion complexes with organic polymers or as solution in natural oil for studying the biological properties of the C 60 (Piotrovsky et al. 2006 , Gharbi et al. 2005 , Mori et al. 2006 , Yamakoshi et al. 1994 , Baati et al. 2012 , Hu et al. 2012 etc.
The first study reporting the in vivo effect of intraperitoneal (ip) administration of C 60 was carried out in 1996 (Moussa et al. 1996) and up to date, the toxicity of C 60 and its derivatives has been studied by many groups of researchers (Nielsen et al. 2008 , Xiao et al. 2012 , Yamashita et al. 2013 . A few researches have addressed the studying of the toxicity of C 60 or its derivatives at ip administration to mammal (Park et al. 2010,) and the safety of C 60 oral administration in vivo (Gharbi et al. 2005 , Mori et al. 2006 , Nielsen et al. 2008 , Baati et al. 2012 , Takahashi et al. 2012 , Yamashita et al. 2013 . Mechanisms of biological action of the pristine C 60 , C 60 /PVP complex and other C 60 derivatives are can be different, because on one side the biological effects of various fullerene preparations depend on the aggregation state of C 60 molecule . On the other side, it is impossible to compare the bioactivity of pristine and substituted fullerene, as they are different substances (Piotrovsky 2006) . Therefore it is necessary to study biological effects of pristine fullerene C 60 , its inclusion complexes with organic polymers and each of its individual derivatives at various ways of administration.
Biological effects of C 60 derivatives depend on the degree of aggregation of its molecules. Even small degree of aggregation can cause conformational shifts in molecular structure which alter the biological property of C 60 derivatives and when studying the toxicity of fullerene it is better to use lowaggregated derivatives.
The complex С 60 /PVP was described for the first time by Yamakoshi (Yamakoshi et al. 1994) . The mechanism of the complex formation was studied by Krakovyak (Krakovyak et al. 2006) . In the complex С 60 /PVP (PVP mm 12000-20000) fullerene molecules are in the low aggregation state what is confirmed by UV-spectrum, in which the position of the adsorption maximum at 333-334 nm can be considered as the indicator of low aggregation (Bensasson et al. 1994) . Such state of fullerene molecules allows them to penetrate through the biological membrane and therefore fullerene has the membranotropic activity. Its antiviral effect confirms this property .
Today С 60 and С 60 /PVP complex are used in some applications in medicine and cosmetics as skin caring products and skin whitening agents (Kato et al. 2009 , Inui et al. 2011 , Lens et al. 2009 .
Study of the safety of C 60 /PVP complex is a key area in the development of its application not only in cosmetics, but also in nanomedicine. For several years our group has been studying the different aspects of biological activity of C 60 /PVP complex: the impact on some classes of viruses (Piotrovsky et al. , 2005 (Piotrovsky et al. , 2013 , the prevention of the disturbance of long-term memory induced by cycloheximide (Podolski et al. 2002 (Podolski et al. , 2004 etc. Our preliminary data of C 60 /PVP complex toxicity demonstrated the lack of negative effects of its ip administration on some blood biochemical and morphological indices in rats (Popov et al. 2008) . The objective of the present study is the more detailed investigation of sub-acute toxicity of C 60 /PVP complex after ip injection in rats.
Materials and methods
C 60 (99.5%) was purchased from NeoTechProduct (Saint Petersburg, Russia). Polyvinylpirrolidone (PVP, Povidone). The UV-vis measurements spectra were conducted on Beckman Coulter DU 800 spectroscopy system (USA) at room temperature, solvents -water and mixture of ethanol: toluene.
For toxicological studies adult male Wistar rats were obtained from Rappolovo nursery (Russia) and housed under standard conditions (constant temperature of 20-22°С, relative humidity of 50-65 % and 12-h light/dark cycle) and had free access to standard feed and water.
This investigation conforms to the Guide for the Care and Use of Laboratory Animals in Russian Federation.
Preparation and analysis of С 60 /PVP complex
С 60 /PVP complex was prepared and analyzed according (Krakovjak et al. 2005 (Krakovjak et al. , 2006 . The quality of C 60 /PVP complex was tested by UV-spectra: in aqueous solution the UV spectrum of the complex has two peaks at 260 nm and 332-334 nm and two minima of 242 nm and 316 nm. Dynamic light scattering study of the hydrodynamic diameters of C 60 /PVP showed: the particle size of C 60 /PVP in the distilled water was 127 nm, zeta-potential was -2.2mV (Sushko et al. 1999) . C 60 concentration in the complex С 60 /PVP was determined by "heterophase" method (Krakovjak et al. 2005 (Krakovjak et al. , 2006 and was 0.5-0.6 %.
Acute toxicity of the C 60 /PVP
To evaluate the acute toxicity of C 60 /PVP after a single ip injection 32 Wistar rats (body weight 200-220 g) were used. After the period of quarantine the rats were assigned randomly to two experimental groups and treated with C 60 /PVP or PVP in the doses 5.0; 6.25; 8.0; 10.0 g/kg (n=4 for each dose). Increase on the C 60 /PVP dose over 10 g/kg, which corresponds to 40% concentration, was impossible, since viscosity prevents its ip introduction. The time of death and clinical signs of intoxication were monitored during 14 days after injection. The dose dependent toxic effects of tested substances and their LD 50 were determined by the conventional Prozorovski method (Prozorovski and Prozorovskaia 1980).
Sub-acute toxicity of C 60 /PVP
The study was carried out on 120 Wistar rats (body weight 230-240 g). The animals were divided into 5 groups of 24 rats in each group: I -control, II -PVP-350 mg/kg, III -С 60 /PVP-350 mg/kg, IV -PVP-700 mg/kg, V -С 60 /PVP-700 mg/kg. The water solutions of PVP and C 60 /PVP were administrated ip daily for 30 days. The doses 350 and 700 mg/kg are 1/20 and 1/10 LD 50 of PVP. The control animals were administered an equal volume of water.
The functional state of the experimental animals was evaluated on the 14 and 30 days after the beginning of drug administration. The general indices, biochemical and hematological parameters, urinary system, the electrophysiological activity of the heart, and morphological study of liver, kidney and spleen were fulfilled.
General indices included the general state of the animals, appearance, behavior, daily food and water intake, body weight (once a week), and weight of the internal organs at the end of the experiment. Сlinical signs of intoxication were recorded once a day during the study period.
Hematological parameters were evaluated in the blood received from the tail vein. Blood samples were collected in a micro tube with EDTA. Analysis was performed using fully automated hematology analyzer DREW D3 (USA). The following parameters were studied: the total number of white blood cells (WBC), total medium leukocyte number (MID #), a percentage of medium leukocytes (MID%), total number of lymphocyte (LYM #), the number of lymphocytes as a percentage (LYM%), the total number of granulocytes (GRA #), the number of granulocytes in the percentage (GRA%), the total number of red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), mean corpuscular volume (MCV), mean content of hemoglobin (MCH), the mean concentration of hemoglobin in corpuscular (MCHC), erythrocyte volume coefficient of variation (RDV), erythrocyte sedimentation rate (ESR), the total number of platelets (PLT), the mean volume of platelets (MPV).
For biochemical test blood samples were centrifugated at 1600 rpm. In serum the activity of some blood marker enzymes and indicators of protein, carbohydrate and lipid metabolism were studied. The activity of alanine aminotransferase (ALT), aspartate aminotransferase (AST) were studied by Reitman-Frankel unificated method (Reitman et al. 1957 ) and alcaline phosphatase (ALP) by standart method (Bessey et al. 1946) . Total cholesterol (TC), triglycerides (TG), cholesterol concentration of antiatherogenic high-density lipoprotein (HDL), total protein content (TP), albumin (A), and glucose were determined by standardized enzymatic methods on analyzer STAT FAX-3300 (USA). Kits "Vital Development Corporation" (Russia) were used. Globulin content (G) was calculated as the difference of TP and A. The ratio of albumin to globulin (A/G) was also calculated.
Bioelectric activity of the rat heart muscle was analyzed on ECG (electrocardiograph EKCHMP-N3051, Russia; speed 200 mm/s, gain 20 mm/mV). The duration of RR, P(Q)R, (Q)T intervals and (Q)RS complex were determined. T-wave amplitude was estimated for the control of myocardial ischemia. All measurements were performed in standard lead II.
The excretory function of kidneys. Hourly urine output (with a water load) and physiological characteristics of urine (specific gravity, pH, protein, sugar, ketone bodies) were determined. Urine test was performed on an automated portable device URILYUKS (Boehringer Mannheim GmbH, Germany) on a standardized test strips. Microscopic analysis of the sediment, including determination of the leucocytes, erythrocytes, bacteria, and triple phosphates was fulfilled. Blood urease was analyzed using urea phenol/hypochlorite method with kit "Vital Development Corporation" (Russia).
Morphological study of liver, kidney and spleen of animals treated with tested agents within 30 days was carried out. The material was fixed in 10% formalin. The histological structure of the organs was analyzed on semithin sections stained with hematoxylin and eosin.
Statistical analyses
Means were compared with one-way ANOVA. If ANOVA result indicated significant effect (p< 0.05), then post hoc comparisons were made. At that, if Levene`s test of homogeneity of variances was not significant (p> 0.05), i.e., the assumption of equal variances was not violated, then Bonferroni, Sidak and Tukey tests were used. If variances were not homogenous, then Dunnett`s 3T and Games- Howell tests were used. Means were considered to be different significantly at p< 0.05. SPSS was used for all statistical calculations.
Results

Acute toxicity of C 60 /PVP
The survival of the rats after single ip C 60 /PVP or PVP injection at the doses ranging from 5 to 10 g/kg allowed to establish the LD 50 values. For C 60 /PVP it was 7,9±1,0 g/kg and for PVP -7,0±0,7 g/kg. The death of the animals receiving C 60 /PVP complex happened on the 4th and 5th day, and in the group of animals treated with PVP -on 3d -4th day (Fig. 1) . After lethal doses injection the animals appeared flaccid, alternating with retardation. Neurotoxic effects of drugs were not noted.
The macroscopic study of the animals after euthanasia on the 14th day of the experiment did not show the presence of local irritant action of the C 60 /PVP complex and PVP. Edema, hyperemia, and necrosis of skin and hypodermic fatty tissue in the place of drug injection were not observed. There were no visible changes of internal organs.
Sub-acute toxicity of C 60 /PVP
General indices
Daily monitoring of the animals receiving PVP or C 60 /PVP in doses of 350 and 700 mg/kg had not revealed any deviations in their state and behavior in comparison with control group. The difference in weight of internal organs in control and experimental groups was not statistically significant (p>0,05) ( Table 1) .
Hematological and biochemical parameters
The cellular composition of the peripheral blood on the 14 and 30 day of the experiment remained normal; therefore only data for 30th day are shown in Table 2 .
The exposure to C 60 /PVP and PVP did not lead to any significant changes in the activity of blood serum marker-enzymes. This suggests that long-term ip injections of C 60 /PVP and PVP did not result in tissue lesion. Values are means ± SEM 
Electrophysiological activity of heart
Complex С 60 /PVP and PVP did not influence on the processes of excitation and conduction in heart muscle. Their introduction in the doses of 350 and 700 mg/kg did not affect the duration of P(Q)R, (Q)T, (Q)RS intervals and the T-wave amplitude (Table 3 ). The substances did not cause the rhythm disturbances, had no effect on the excitement and conduction in cardiac muscle and did not cause the development of myocardial ischemia.
The excretory function of kidneys
In all rats there were no changes in daily diuresis on the 30th day of experiment. No significant differences in specific gravity, pH, protein, sugar, glucose/acetone, and microscopy of urine sediment were observed (Table 4) . 
values are means ± SEM Injections of C 60 /PVP or PVP for 30 days did not lead to the changes in the content of urea in the blood serum (Table 2 and 4).
Morphological study of internal organs
PVP itself and C 60 /PVP complex were nоt accompanied by fatty degeneration, necrobiosis and necrosis of hepatocytes. The absence of sclerotic changes also excludes the chronic toxic injury. The appearance of mild swelling of the cytoplasm with indications of granular dystrophy was observed only in animals treated with PVP in a dose of 700 mg/kg. Small focal infiltrates of portal lymphoid occurred in all rats, except control.
There were no morphological disturbances of typical architectonic of cortical and medullar layers of the kidneys. In all rats glomerular structure and the convoluted tubules were normal.
Significant hyperplasia of follicles and focal myeloid metaplasia of the pulp were typical structural features of the spleen of rats injected with the test compounds at both doses.
Discussion
The possibility of usage of C 60 in medicine is an important problem of modern medicinal chemistry and pharmacology. Fullerene C 60 has very low solubility in water and other biologically acceptable solvents. Therefore it is necessary to use water-soluble complexes or derivatives of С 60 for medical application and to study their biological effects.
Biological activity and toxicity of such С 60 complexes, depend on the content of С 60 , on the molecular weight of polymer which forms the complex, and the tendency of complex to aggregate. С 60 aggregation tendency is often not taken into consideration, however, numerous data indicate its high influence on the biological effects (Piotrovsky et al. , 2011 . Naturally, different complexes have different physicochemical properties as well as different biological effects; therefore it is necessary to study their toxicity in vivo in each specific case.
C 60 /PVP complex (C 60 5000-6000 ppm, PVP 20 kDa) was synthesized according to Krakovyak et al. (2006) . The degree of aggregation of the С 60 molecules in С 60 /PVP, as was confirmed by UV spectra data (adsorption maximum 333-334 nm), is not high. Membranotropic properties of C 60 /PVP complex define its antiviral activity (Piotrovsky and Kiselev 2004) . С 60 molecule can also move from the С 60 /PVP complex to albumin molecule (Schavlovsky et al. 2008) . This, in turn, may lead to the fact that the distribution of fullerene in the body tissue in the form of fullerenealbumin complex will differ significantly from the distribution and biological effects of all other preparations. In addition, С 60 release from water-soluble complexes and its penetration into the membrane apparently leads to disappearance of its photodynamic action that gives to the cells resistance to ultraviolet radiation (Kato et al. 2014) .
These data indicate that the mechanism of biological action of C 60 /PVP can differ from the biological action of pristine C 60 (Gharbi et al. 2005 , Mori et al. 2006 or the C 60 solution in olive oil (Baati et al. 2012) .
To receive more knowledge about the safety of С 60 /PVP we examined its acute and sub-acute toxicity after ip administration. LD 50 of C 60 /PVP was found to be 7,9±1,0 g/kg. In the study of subacute toxicity the doses were selected on the basis of data for acute toxicity. After daily administration of C 60 /PVP complex for 30 days a wide range of parameters characterizing the structural and functional state of different organs was estimated Our results demonstrated that the ip administration of the C 60 /PVP complex did not cause any abnormalities in the state and behavior of the animals. The weight of internal organs of experimental and control rats were similar. The damaging action of the complex on the main parameters of metabolism was not observed. Complex С 60 /PVP did not affect the processes of excitation and conduction in the heart muscle. The excretory function of the kidneys was normal. The typical architectonic of cortical and medullar layers of the kidneys, glomerular structure and the convoluted tubules remained without alteration. Previously, we showed also that the С 60 /PVP has no citotoxicity (Kiselev et al. 1998) . Yamashita et al. (2013) had shown that after 7 days of exposure to oral administration of C 60 /PVP complex, prepared using PVP 60 kDa with 3000 ppm of C 60 , this complex did not show any toxic effects, so it can be considered safe for oral application. Unfortunately the data of UV spectra of this complex is not available. However the spectral characteristics of the complexes C 60 /PVP depend on the PVP molecular mass and fullerene content. Our experience of the work with such complexes shows that complex prepared with PVP 60 kDa has a maximum of adsorption about 340-345 nm, that indicates the high aggregation level of molecules (Krakovjak et al. 2005) . We used PVP 20 kDa and the aggregation of fullerene molecules was not high. It allowed us to administer complex C 60 /PVP intraperitoneally to study its toxicity. It is necessary to note, that even at higher concentrations that were used in our experiments, the high bioavailability of C 60 under ip administration, and long-term observation period no toxic effect was observed.
In the preliminary study of the С 60 /PVP toxicity it was shown that the PVP itself (1 ml 10% solution, ip) had insignificant, but rather distinct injuring action on various organs (lungs, liver, spleen, kidneys, adrenals, testicles, and thymus). However, C 60 in С 60 /PVP complex reduced negative side effects of PVP. It means, that C 60 has physiological activity, which permits to decrease undesirable effects of the PVP (Popov et al. 2008) . This is in agreement with literature data , Podol′ski et al. 2002 .
Based on the above results, we can conclude that at ip administration the C 60 /PVP complex is non-toxic and can be safe for mammals. However among a great number of works, which show the harmlessness of the fullerene itself and the C60/PVP complex, there is only one paper in which it was shown that С 60 /PVP complex caused abnormalities of embryos after ip injection to pregnant mice and we must take in mind the embryotoxicity which was shown in this work .
Fullerenes as some other carbon nanostructures can be considered natural substances, and humanity has confronted them over the whole history of its existence (Bang et al. 2004, Murr and Soto 2005) . In modern conditions, the frequency of contact with rather high concentrations of carbon nanostructures has increased and requires careful study of their safety, considering the form in which these structures are used.
Conclusions
The obtained data indicate that C 60 in the form of the С 60 /PVP complex has no damaging effect on:
• Mass body of animals and weight of internal organs.
• Hematological and biochemical blood indices.
• Activity of enzyme-markers.
• Main parameters of protein, carbohydrate and lipid metabolism.
• Excretory function of kidneys.
• Liver parenchyma, kidneys and spleen tissue. Thus water-soluble C 60 /PVP does not have acute and sub-acute, that suggests further study of its chronic toxicity to establish the possibility of its application in medicine .
